We have previously isolated and characterized over 90 recessive mutants of Arabidopsis thaliana defective in embryo development. These emb mutants have been shown to differ in lethal phase, extent of abnormal development, and response in culture. We demonstrate in this report the value and efficiency of mapping emb genes relative to visible and molecular markers. Sixteen genes essential for embryo development were mapped relative to visible markers by analyzing progeny of selfed F1 plants. Embryonic lethals are now the most common type of visible marker included on the linkage map of Arabidopsis. Backcrosses were used in several cases to orient genes relative to adjacent markers. Three genes were located to chromosome arms with telotrisomics by screening for a reduction in the percentage of aborted seeds produced by F1 plants. A restriction fragment length polymorphism (RFLP) mapping strategy that utilizes pooled EMB/EMB F2 plants was devised to increase the efficiency of mapping embryonic lethals relative to molecular markers. This strategy was tested by demonstrating that the biol locus of Arabidopsis is within 0.5 cM of an existing RFLP marker. Mapping embryonic lethals with both visible and molecular markers may therefore help to identify large numbers of genes with essential functions in Arabidopsis.
Introduction
Arabidopsis thaliana has become one of the most widely studied members of the plant kingdom. Molecular analysis of Arabidopsis has been facilitated by the availability of an established linkage map (Koornneef 1990) , two
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Experimental Station, Wilmington, DE 19880-0402, USA Offprint requests to : D.W. Meinke restriction fragment length polymorphism (RFLP) maps (Chang et al. 1988; Nam et al. 1989) , numerous transformation procedures (Feldmann and Marks 1987; Valvekens et al. 1988; Schmidt and Willmitzer 1988) , and a wide range of T-DNA insertional mutants (Koncz et al. 1990; Feldmann et al. 1990; Yanofsky et al. 1990) . A yeast artificial chromosome (YAC) library has recently been constructed that should greatly facilitate cloning of Arabidopsis genes through chromosome walking (Ward and Jen 1990) . A physical map of the Arabidopsis genome is also being developed using the method of Coulson et al. (1986) to simplify the task of cloning genes identified by mutation. With these resources it should be possible to clone any gene identified by mutation in Arabidopsis and examine in detail the relationship between mutant phenotype and gene function in higher plants. Arabidopsis has therefore clearly become a model system for the molecular analysis of plant growth and development.
The genetics of Arabidopsis has not reached an equivalent level of sophistication (Fink 1988 ). The most notable shortcomings include the absence of well-characterized deletions, duplications, inversions, and temperature-sensitive mutants present in other model systems such as Drosophila and Caenorhabditis elegans. Arabidopsis also lacks the accessory (B) chromosomes that have facilitated linkage detection and the analysis of dosage compensation in maize (Coe et al. 1988 ). Trisomic and telotrisomic lines have been isolated in Arabidopsis but have been used primarily to localize centromeres (Koornneef 1983 ) and identify linkage groups (Koornneef and Van der Veen 1983) . Complementation tests with Arabidopsis must be limited in scope because a considerable amount of time is required to make pairwise crosses between large groups of plants. It is therefore not a simple task to assign a large number of mutants to complementation groups or isolate multiple alleles of a particular gene of interest. Mutants defective in most aspects of growth and development have been isolated in Arabidopsis (Estelle and Somerville 1986; Meyerowitz 1989 ), but only a fraction of these have been incorporated into the linkage map (Koornneef 1990) , and many are not suitable as genetic markers because they are difficult to screen, disrupt fertility, or interfere with other mutant phenotypes. Numerous obstacles must therefore be overcome before Arabidopsis can be biol considered a model genetic system. Embryonic lethals are the most common class of muemb9 tants isolated following ethyl methanesulfonate (EMS) seed mutagenesis (Meinke 1986 ), X-irradiation (Mfiller embl5 1963) and T-DNA insertional mutagenesis (Errampalli et al. 1991) in Arabidopsis. We have isolated over 90 embl6 mutants of Arabidopsis defective in embryo development and shown that these mutants differ with respect to leemb l 8 thal phase and extent of abnormal development (Meinke 1985; Marsden and Meinke 1985) , response in culture emb20-1 (Baus et al. 1986; Franzmann et al. 1989) , accumulation of storage protein (Heath et al. 1986 ), formation of proemb20-3 tein bodies (Patton and Meinke 1990) , and gametophytic expression of mutant genes (Meinke 1982) . Many of emb22 these mutants are likely to be defective in housekeeping functions required for the completion of embryogenesis,
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For example, the biol auxotroph of Arabidopsis becomes lethal during embryogenesis because it fails to produce emb25 an essential vitamin required for growth and development (Schneider et al. 1989; Shellhammer and Meinke emb28 1990) . Other mutants defective in embryogenesis may help to identify genes with important regulatory funcemb29 tions during plant development (Meinke 1986; 1991) .
Eighteen embryonic mutants with distinctive phenoemb30-i types were initially chosen for linkage studies. The objectives of this mapping project were to: (1) demonstrate emb30-2 that embryo-lethal mutants could be readily mapped using F2 linkage analysis; (2) enrich the existing linkage emb33 map of Arabidopsis; (3) facilitate the identification of new alleles of existing embryonic lethals; (4) create geemb39 netic markers that could simplify the task of mapping other mutations; and (5) locate genes to chromosomal emb76 regions prior to RFLP mapping. In this report we show that embryo-lethal mutations can be readily mapped usemb78 ing F2 and backcross populations and that telotrisomic lines are useful for initial linkage detection. We have mapped 16 genes using these techniques and have located at least two genes to each of the five linkage groups. Embryonic lethals are particularly useful as genetic markers because: (1) they are readily recovered following EMS seed mutagenesis; (2) a small number of F2 plants is required for linkage detection; (3) heterozygotes can be readily identified by dissecting mature fruits produced following self-pollination; and (4) the absence of pleiotropic effects allows rapid identification of other visible markers in plants segregating for embryonic lethals. Mapping additional mutants defective in embryo development should improve the resolution of the existing linkage map and facilitate the isolation of EMB genes through chromosome walking.
Materials and methods
Plant material. All plants were grown in pots at 23°_+ 3 ° C beneath 40 W fluorescent lights maintained on dai- (Meinke 1985; Heath et al. 1986 ). Plants heterozygous for recessive embryo-lethal mutations were identified by screening siliques for the presence of 25% aborted seeds following self-pollination (Meinke and Sussex 1979a) . Eighteen mutants with a wide range of lethal phases and responses in culture were included in this study (Table 1 ). The nomenclature for these mutants was recently revised ) to be consistent with guidelines established at the Third International Arabidopsis Meeting in East Lansing (April 1987) . Unless otherwise noted, embryo-lethal mutants were isolated in the Columbia background following EMS seed mutagenesis by screening chimeric M1 plants for the presence of aborted seeds (Meinke and Sussex 1979b; Meinke 1985) . Two mutants (emb33 and emb39) were isolated from bulked M2 seeds provided by Joe Ecker at the University of Pennsylvania (Errampalli et al. 1991) . Two mutants with different lethal phases (emb26 and emb20-1) were mapped independently but later found to be allelic. The mutant designated here as emb20-3 is therefore identical to emb26 as noted by Franzmann et al. (1989) .
Visible markers and telotrisomics used in this study were obtained from Maarten Koornneef (Wageningen Agricultural University, The Netherlands) and maintained in a Landsberg (er) background. Visible markers carried mutations that affected trichome formation (disl, dis2, gll, gl2, gl3, ttg) (chl, lu, tt3, tt4, ttg, yi) ; flower morphology (ap2); and silique shape (bp, clvl, clv2) . The phenotypes and original sources of these mutants have been described previously ). Many of these markers were combined by Maarten Koornneef into a series of testers for each chromosome. The following testers were used in this study: an dis! and chl apt gl2 for chromosome 1; as er cer8 cp2 for chromosome 2; gll cer7 for chromosome 3; cer2 ap2 for chromosome 4; and lu tt3 and yi ttg for chromosome 5. Trisomics and telotrisomics of Arabidopsis have also been described in detail (Koornneef and Van der Veen 1983 This "AD" method resulted in the identification of four classes of F2 plants (Table 2) . In some cases, only the visible marker was examined in F2 plants. This "EF" method allowed detection of linkage when the visible marker was located within a few cM of the embryonic lethal, but it was not used to determine recombination percentages. Chi-square tests were used with both methods to determine whether segregation of the visible marker and embryonic lethal differed significantly from that expected for unlinked genes. A similar approach was used by to map a number of chlorophyll mutants with embryonic expression. Our strategy for linkage detection using the AD method was Table 2 into the chi-square formula (Servltovfi and Cetl 1984) . With the AD method, fewer than 150 F2 plants are needed to detect linkage between an embryonic lethal and visible marker separated by 30% recombination. The advantage of the AD method is therefore the small number of plants required for linkage detection. The potential advantage of the EF method is that screening siliques for the presence of aborted seeds is not required. However, the number of plants required to detect linkage is much greater than with the AD method. In practice, we found that the EF method often gave misleading results and was not reliable for linkage detection.
Recombination estimates were obtained with the RECF2 computer program (Koornneef and Stare 1988) using the maximum likelihood method (Fisher 1958) adapted from Servitovfi and Cetl (1984) . This program estimates recombination percentages from observed frequencies of four classes (A-D) of F2 plants. The GEN-MAP program written by Piet Stam (Wageningen Agricultural University), based on the method of Jensen and Jorgensen (1975) for chromosome mapping in barley, was then used to place mutant genes on the existing linkage map. Recombination estimates generated by RECF2 were combined with existing recombination data obtained on disk from Maarten Koornneef. GEN-MAP converts recombination estimates into cM using the Kosambi (1944) mapping function and then estimates the location of each gene from a given gene order by finding the best fit with available recombination data. Chi-square values are calculated for each data set by comparing the original estimated distance between two genes obtained experimentally with the final estimated distance established by GENMAP. This process continues for each pair of genes until the minimum cumulative chi-square value for all data sets is reached. Suspect data sets with unusually high chi-square values are noted and may either be removed or maintained.
Backcrosses. When necessary, backcrosses were used to determine the position of emb genes relative to flanking markers. In this case, lines homozygous for two linked markers (visl vis2/visl vis2) were crossed with pollen from plants heterozygous for the lethal (EMB/emb). Pollen from the resulting F1 plants (VIS1 VIS2 emb/visl vis2 EMB) was then crossed onto emasculated flowers from the marker parent. The backcross progeny were collected as separate siliques, then planted and screened for the marker phenotypes and the lethal. Gene order was resolved by analyzing the relative number of progeny in each of the eight phenotypic classes.
Telotrisomic analysis. In several cases, telotrisomic lines were used to determine which chromosome arm covered a particular lethal gene. Flowers from telotrisomic plants were crossed with pollen from plants heterozygous for the lethal. F1 progeny from these crosses were then scored as either diploid or telotrisomic based on plant morphology and screened for the presence of aborted seeds following self-pollination. The percentage of aborted seeds produced by telotrisomic plants was expected to be significantly less than 25% if the extra chromosome arm covered the gene of interest. The percentage of aborted seeds produced by diploid (EMB/emb) siblings from the same cross was determined as a control.
RFLP analysis. Embryo-lethal mutants in the Columbia background were crossed with Landsberg (er) and Niederzenz ecotypes to produce polymorphic F1 plants. F2 seeds were collected from heterozygous (EMB/emb) F1 plants following self-pollination. F2 plants were screened for the lethal when the first siliques became mature. Batches of five wild-type (EMB/EMB) F2 plants were frozen on dry ice and stored at -80 ° C in sealed plastic bags. Total plant DNA was isolated from each pool of five plants using the procedure described by Richards (1990) . DNA yields were typically 50-80 gg per pool as measured by fluorescence in the presence of Hoechst 33258 dye using a mini-fluorometer (Hoefer). Plant DNA was cut with a fivefold excess of restriction enzyme (Bethesda Research Labs), separated in 0.75% agarose gels, and transferred to Nytran membranes (Schleicher and Schuell) with a vacuum blotter (LKB-Pharmacia). DNA was crosslinked to nylon membranes with a UV Stratalinker (Stratagene).
Probes used in RFLP mapping were lambda clones obtained from Elliot Meyerowitz (California Institute of Technology, Pasadena). The construction and mapping of these clones is described by Chang et al. (1988) . Phage DNA was isolated from plate lysates using Prepeze columns (5prime~3prime). Phage DNA was then cut with EeoRI and labeled using reagents provided in the Genius DNA labeling kit (Boehringer Mannheim). Hybridization and immunological detection were carried Table 3 summarizes estimates of recombination between embryonic lethals and linked visible markers. Recombination estimates generated by RECF2 were accompanied by a standard deviation and an internal chi-square that compared the observed frequencies of plants in classes A-D with those expected for the estimated level of recombination. Internal chi-square values were generally less than 5.0 with 3 degrees of freedom, indicating that results obtained were close to those expected for the given level of recombination. The consistency of this approach to mapping was further demonstrated by results obtained with different alleles of emb20 and emb30 (Table 3) . The ability to detect linkage between emb loci and visible markers separated by 40% recombination (e.g. an and emb22 on chromosome 1) was consistent with the predicted sensitivity of this mapping method (Servitovfi and Cetl 1984) . The data shown in Table 3 were added to existing recombination data obtained on disk from Maarten Koornneef and then entered into GENMAP to determine the chromosomal locations of mutant genes and produce the updated map shown in Fig. 1 . Suspect data sets (GENMAP Z2> 5.0) were maintained in both this map and the previous map published by Koornneef (1990) . GENMAP estimates map positions from available recombination data without definitively establishing gene order. The precise location of some genes relative to flanking markers therefore remains to be determined. Positions of emb genes relative to flanking markers were either established through backcrosses as described below, or estimated with GENMAP by identifying the gene order that produced the lowest cumulative chi-square value for that chromosome. The 16 mutant genes examined in this study are randomly distributed among the five linkage groups and may help to define new end points for chromosomes 1 and 2.
Results

Linkage analysis
Backcross analysis
Backcrosses were used in several cases to resolve gene order with flanking visible markers (Table 4) . We first Minimal number of crossovers required in F1 parent to generate observed progeny used this strategy to determine the position of emb30-i relative to an and disI on chromosome 1. We knew that emb30 was tightly linked to disl, and recombination data with an suggested that emb30 was located between these two markers. GENMAP considered our recombination estimates with these markers to be suspect, along with other data in that region, but placed emb30 below disi on chromosome 1. Backcrosses between an dim and emb30-1 were then used to confirm this location and demonstrate that emb30 was not located between an and disl (Table 4) . Eight progeny were identified in classes V and VI (single recombinants if the gene order is andisl-emb30) whereas no progeny were identified in classes VII and VIII (double recombinants if the gene order is an-disi-emb30). A similar approach was used to resolve the order of bp, cer2, and emb20 on chromosome 4 (Table 4) . We have also completed a backcross between cp2 er as cer8 and embl8 and shown that embl8 lies between as and cer8 on chromosome 2 (Fig. 1) . Another backcross between yi ttg and embl6 failed to resolve the location of embl6 relative to yi on chromosome 5. In this case, the second marker (ttg) was too far away from the lethal, and equivalent numbers of plants were recovered in classes V-VIII. Both markers used in backcrosses must therefore be reasonably close to the embryonic lethal. The correct location of embl6 was subsequently determined by crossing with tt3 (Table 3) .
One surprising feature of many backcrosses was the unequal frequency of progeny obtained in reciprocal classes. For example, classes I and II were not represented equally among the progeny of backcrosses between an disl and emb30 (Table 4) . Only 59 progeny were identified in class I while the remaining 101 were in class II (X2= 11.0; P < 0.005). Similar results were obtained with other backcrosses involving different sets of visible markers. Classes III and IV were also not represented equally among backcross progeny. Certation and differences in genetic background are two factors that may disrupt the expected distribution of progeny in these backcross experiments. Additional backcrosses will nevertheless be required to establish gene order in certain regions of the linkage map.
Telotrisomic analysis
Telotrisomics were also used to assign genes to linkage groups and chromosome arms. Aneuploids are particularly useful for linkage detection with embryonic lethals because results are obtained in the F1 generation without the need to grow F2 plants. We chose telotrisomics Trl a and Trlb for this study because their distinctive phenotypes facilitated rapid identification in segregating populations. Telotrisomic F1 plants segregating for an embryonic lethal covered by the extra chromosome arm were expected to produce significantly less than 25% aborted seeds following self-pollination. Results of crosses between several embryonic lethals and their corresponding telotrisomics (Trlbxemb22; Trlbxemb25; Trlax emb30-I) demonstrated that segregation ratios were indeed reduced when the duplicated arm covered the locus being studied (Table 5 ). The percentage of aborted seeds produced by segregating telotrisomics (EMB/EMB/emb) was determined to be 14.5% for Trlb x emb22, 13.4-17.2% for Trlb x emb25, and 15.9-16.6% for Trlax emb30-1 (Table 5) . Two types of controls were included in these experiments. The first involved non-telotrisomic plants identified in segregating populations. Segregation ratios were calculated for these heterozygous (EMB/ emb) plants, identified as non-telotrisomic in column 3 of Table 5 , to demonstrate that approximately 25% aborted seeds were produced in the absence of the duplicated chromosome arm. The second control involved crosses between embryonic lethals and telotrisomics not covering the gene of interest. Results of these crosses (Trla x emb22; Trlb x emb30-1; Trlb x embi6; Trlb x emb20-i) demonstrated that segregation ratios were not reduced when the extra chromosome arm did not cover the gene of interest (Table 5) . Results obtained with Trla x emb22 and Trlb x emb22 also demonstrated that this locus, known from recombination data to be near the centromere, was located on the lower arm of chromosome 1.
The proportion of aborted seeds produced by telotrisomic F 1 plants was expected to be determined by transmission rates of monosomic and disomic gametes (Koornneef and Van der Veen 1983 ) and distances between the embryonic lethal and the centromere (Koornneef 1983) . Transmission rates obtained in our laboratory for disomic gametes of Trlb (33% ~ and 10% ~) were similar to those reported previously (Koornneef and Van der Veen 1983) . The ratio of aborted seeds produced by segregating telotrisomic plants (Table 5) was quite close to that predicted from the estimated transmission rates. If we assume that transmission rates for Trlb are approximately 33% through the ovule and 10% through the pollen and that transmission of the duplicated arm without another homologue is negligible, then we would expect to find approximately 15% aborted seeds produced by telotrisomics segregating for emb22 (Table 5 ). Ratios obtained with Trla and emb30 (15.%16.6% aborted seeds) were slightly higher than those obtained by Koornneef (1983) for recovery of diM/ disI progeny from duplex heterozygotes (11.6% recessives), but were not significantly different from the 16.8% aborted seeds predicted from published transmission rates of disomic gametes (Koornneef and Van der Veen 1983 ). We therefore believe that this preliminary study has demonstrated the potential value of telotrisomics in linkage analysis with embryonic lethals. The problem with this approach is that many trisomics are difficult to identify based on plant morphology, considerable effort may be required to count aborted seeds that must be dissected for positive identification, and further crosses with visible markers are still needed to place mutant genes on the linkage map. We have therefore concluded that the most efficient approach to mapping large numbers of embryonic lethals is probably to work exclusively with tester lines carrying appropriate visible markers. Telotrisomics may then be used to orient genes relative to the centromere.
RFLP analysis
Although mapping genes with visible markers is important for genetic studies, localizing genes relative to molecular markers is required for gene isolation through chromosome walking. RFLP mapping of embryonic lethals is facilitated by the ability to identify heterozygous (EMB/emb) plants in the F2 generation. Mapping other recessive mutations with RFLPs requires progeny testing in the F3 generation to determine F2 genotypes. We initially chose biol for RFLP mapping because it disrupts a known biochemical pathway (Schneider et al. 1989; Shellhammer and Meinke 1990) and because the BIO1 allele should be readily identified following transformation by its ability to rescue mutant tissues in the absence of biotin.
When co-dominant molecular markers are used to map embryonic lethals, three RFLP patterns and six categories of plants should be present in the F2 generation following self-pollination of F1 plants. We decided to test this strategy by mapping the bioi gene relative to three R F L P markers (2bAt233, 2bAt558, 2bAt331) located near tz on chromosome 5 (Chang et al. 1988) . Two of these markers (2bAt233 and )~bAt558) appeared from comparison of linkage and R F L P maps to be within 5 cM of the biol locus while the other (2bAt331) appeared to be roughly 15 cM from biol. These distances were only estimates because the linkage and R F L P maps have not been fully integrated.
We included only five BIO1/BIO1 F2 plants in each pool to ensure detection of a single recombinant homologue on Southern blots. As a control, we demonstrated that the equivalent of one recombinant homologue could be detected in samples containing 10 gg of genomic D N A (Fig. 2A, lane 3) . The sensitivity of this method was also confirmed by the detection of recombinants in several pools (e.g. Fig. 2 B, lane 5) .
The presence of recombinants in 3 of 4 pools of biol x Niederzenz F2 plants probed with 2bAt331 demonstrated that this marker was not closely linked to the plants probed with 2bAt558. It therefore appears that 2bAt558 is within 0.5 cM or 70 kb (Chang et al. 1988) of the biol locus. The recent identification of a 220 kb YAC that hybridizes to 2bAt233 (Ward and Jen 1990) and a 160 kb YAC that hybridizes to 2bAt558 (Eric Ward, personal communication) should aid molecular analysis of this region and facilitate the isolation of BIO1 through chromosome walking.
Discussion
The value of saturating genetic maps with visible and molecular markers has been demonstrated in a variety of experimental systems. The linkage maps of Arabidopsis contain over 100 visible markers (Koornneef 1990 ; Fig. 1 ) and 180 molecular markers (Chang et al. 1988; Nam et al. 1989) but are still far from saturation. The emergence of Arabidopsis as a model system for plant biology must therefore be accompanied by advances in both classical and molecular genetics in order to complement the current focus on molecular analysis of the Arabidopsis genome. The standard genetic map of Arabidopsis has been constructed largely by examining the progeny of selfed F1 plants Koornneef and Stam 1988) . This method minimizes the number of backcrosses required for mapping but often fails to establish gene order. Consequently, there is some uncertainty associated with both the precise order and location of genes on the updated linkage map shown in Fig. 1 . Questions also remain concerning the effects of environmental factors and sex differences on recombination frequencies in Arabidopsis (Zhuchenko et al. 1988 ).
Additional studies are therefore needed to improve both the density and resolution of the standard genetic map.
The efficiency of mapping genes in Arabidopsis with chlorophyll-deficient lethals was noted previously by Servitov/t and Cetl (1984) . We used a similar approach to map embryonic lethals, now the most common class of marker on the linkage map. Many additional mutants defective in embryo development have been identified and remain to be placed on the map. It should therefore be possible to improve the resolution and utility of the map by saturating for embryonic lethals. The efficiency of mapping embryonic lethals with RFLP markers and the wide distribution of emb genes throughout the genome should also facilitate the integration of genetic and molecular maps of Arabidopsis.
Considerable effort will be required to saturate for embryonic lethals in Arabidopsis and assign these mutants to complementation groups. For example, more than 4000 pairwise crosses would be needed to complete allelism tests among the 90 emb mutants already isolated in our laboratory. Large-scale allelism tests with Arab# dopsis are feasible only when working with mutant phenotypes determined by relatively few target genes. The availability of multiple alleles has nevertheless played an important role in genetic and molecular analysis of developmental pathways in other systems and would clearly facilitate the analysis of embryonic lethals in Arabidopsis. We believe that the most efficient method of identifying multiple alleles of embryonic lethals may be first to assign new mutants to linkage groups and then perform complementation tests with other mutants in the same region. This approach has already led to the identification of a new allele of emb20 and might simplify the task of cataloguing mutants isolated in different laboratories.
The high frequency of mutants defective in embryogenesis is consistent with a large number of target genes with essential functions during embryo development (Meinke 1986; Sheridan 1988) . Molecular studies of RNAs present in developing seeds have suggested that as many as 20000 genes may be expressed during embryogenesis (Goldberg et al. 1989) . Many of these genes may perform non-essential functions during embryogenesis, be duplicated within the genome, or be required during gametogenesis. The actual number of emb loci identified through loss-of-function mutations may therefore be significantly lower. One way to explain the identification of three emb20 alleles among a limited collection of embryonic lethals is that the number of target genes may be smaller than previously believed. Alternatively, this locus may for a variety of reasons be unusually susceptible to mutation. The presence of two alleles with distinctive phenotypes (emb20-1 and emb20-3) demonstrates that at least two members of this allelic series were indeed isolated independently. The identification of alleles with different lethal phases also illustrates the problem of limiting complementation tests to mutants with similar patterns of abnormal development. Allelism tests between these two mutants were not performed previously because their lethal phases differ ).
The addition of 16 embryonic lethals to the Arabidopsis linkage map should also facilitate the construction of balanced lethal chromosomes. Balancers with defined chromosomal inversions and flanking lethals have been used extensively in Drosophila and C. elegans to enforce heterozygosity, maintain mutagenized chromosomes, and isolate new alleles at a locus of interest. Now that a number of lethals have been mapped in Arabidopsis, the major obstacle to constructing balancers is the identification of appropriate inversions. The cytogenetic approach that has proven successful with maize (Carlson 1988 ) is not likely to be feasible with Arabidopsis because of the small size of meiotic chromosomes (Schweizer et al. 1988) . These aberrations will probably need to be identified by screening for segregation distortion following X-irradiation.
Previous studies with maize have demonstrated the value of constructing genetic mosaics to examine the role of specific genes in plant development (Hake and Freeling 1986; Poethig 1988) . The approach used in these studies was to map the gene of interest, identify a closely linked visible marker with a cell-autonomous phenotype, and then use X-irradiation to generate marked sectors that lacked the dominant allele. A similar approach could be used to determine whether recessive embryonic lethals of Arabidopsis are defective in a diffusible product required for completion of later stages of development. Several mutants examined in this study are promising candidates for mosaic analysis because they are distal to linked chlorophyll markers located near the ends of chromosomes. We have therefore shown that by mapping embryonic lethals in Arabidopsis, significant advances can be made not only in the classical genetics of this model plant system, but also in our understanding of the molecular basis of plant growth and development.
